Introduction We hypothesize that the combination of transarterial embolization (TAE) plus inhibition of lactate export will limit anaerobic metabolism and reduce tumor survival compared to TAE alone. The purpose of this study was to test this hypothesis in a rat model of hepatocellular carcinoma (HCC). Methods Rat N1-S1 hepatoma cells were assayed in vitro using the Seahorse XF analyzer to measure extracellular acidification (lactate excretion) comparing effects of the addition of caffeic acid (CA) or ferulic acid (FA) or UK-5099 with control. Monocarboxylate transporter Slc16a3 was knocked down by RNAi. N1S1 tumors were orthotopically implanted in rats and 4 groups evaluated: (1) Control, (2) TAE-only, (3) TAE plus CA, and (4) TAE plus FA. Tumor size was determined by ultrasound and analyzed by repeated measures statistics. Tumors harvested at 4 weeks were examined by microscopy. Results Seahorse assays showed that CA and FA caused a significant reduction by [90% in lactate efflux by N1S1 tumor cells (p \ 0.01). Knockdown of Slc16a3 prevented inhibition by CA. In vivo tumors grew 30-fold in volume over 4 weeks in untreated controls. By comparison, TAE resulted in near cessation of growth (10% in 4-week time period). However, both TAE ? CA and TAE ? FA caused a significant reduction of tumor volumes (87 and 72%, respectively) compared to control and TAE (p \ 0.05). Pathologic evaluation revealed residual tumor in the TAE group but no residual viable tumor cells in the TAE ? CA and TAE ? FA groups.
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Introduction
Hepatocellular carcinoma (HCC) is a relatively chemoresistant form of cancer [1, 2] with limited therapeutic options. Transarterial embolization (TAE) or transarterial chemoembolization (TACE) have been used extensively in non-surgical HCC patients with increased overall survival when compared to best supportive care. Despite advances and technical refinements, long-term survival of patients managed with TAE or TACE is not satisfactory, mainly as a result of the high rate of tumor recurrence, up to 70% [3] . To improve clinical outcomes, a different approach toward HCC treatment is warranted. Some authors question the superiority of TACE relative to TAE and there is evidence to suggest that the addition of chemotherapy does not contribute to the relative effectiveness of TACE in the treatment of HCC [4] . The major tumoricidal mechanism in both TAE and TACE is thought to be the ischemic effect caused by occlusion of the arterial blood supply, blocking oxygen and nutrients that fuel tumor metabolism. Local recurrence of HCC following TACE may be from residual tumor that survives the procedure. One factor may be that although stasis is achieved based on angiography, there still remains substantial microvascular perfusion of the tumor [5] . Regardless, reduced blood flow to the tumor due to embolization will impose limits on aerobic metabolism. We speculate that the survival of residual tumors may occur through glycolytic metabolism.
Previous work has established that to maintain robust glycolysis, tumor cells need to efflux lactic acid to limit its buildup, which can exert inhibitory effects on glycolysis and cell growth [6] . Lactate export from the cell is facilitated by a set of plasma membrane transporter proteins called monocarboxylate transporters (MCTs) [7, 8] . Although 14 isoforms of MCTs have been identified in the human genome, only four of these (MCTs 1-4) are known to play a role in lactic acid transport in mammalian tissues, including tumors [9] . Further, these MCT transporters have been identified in hepatocellular carcinoma cells, making them a potential target for cancer therapy [6, 7] . A group of compounds related to cinnamic acid (e.g., caffeic acid and ferulic acid) have been identified as potential inhibitors of MCT [8, 10] . The aim of this study is to investigate the efficacy of two of these cinnamic acid derivatives (CAD) in N1-S1 hepatocellular carcinoma in a rat model.
Materials and Methods

Analysis of N1-S1 Cell Metabolism In Vitro
Rat hepatoma N1-S1 cells were purchased from ATCC (CRL-1604) and cultured in IMDM medium with 10% fetal bovine serum in dishes pre-coated with 1:10 dilution of polylysine (Sigma P8920). Cells were replated in polylysine-coated XF-24 cell culture plates (1 9 10 5 cells/well in 500 ll volume) for 12 h. The XF sensor cartridge for the Extracellular Flux Analyzer (Seahorse Bioscience) was hydrated for 12 h in a 37°C incubator without CO 2 . For realtime analysis of the extracellular acidification rate (ECAR), the cells were washed and then submerged in Glycolysis Stress Test Base Medium: DMEM D 5030 media base (Sigma-Aldrich), 2 mM L-glutamine (Gibco), and 143 mM NaCl, adjusted to pH 7.35 at 37°C as per the manufacturers' instructions. The Seahorse instrument measured ECAR in four separate wells in parallel for each treatment. Measurements of basal conditions were recorded at three successive times upon the start of the experiment. The test medium was then supplemented by injection of either vehicle (DMSO), or caffeic acid (final 1 mM), or ferulic acid (1 mM), or UK-5099 (100 lM), or no addition (control). These treatments remained throughout the remainder of the assay. Glycolysis was further stimulated by injection of glucose (Sigma) to a final concentration of 20 mM and ECAR measured at three time points. Later, oligomycin was added (at 1 lM) to block mitochondrial respiration and induce maximal glycolytic metabolism. At the final stage of the assay, glycolysis was inhibited by the addition of 80 mM 2-deoxy-D-glucose (Sigma). The net ECAR in response to 20 mM glucose was determined by subtracting the average ECAR level after 2-deoxy-D-glucose injection from the average ECAR level in 20 mM glucose.
Knockdown of the monocarboxylate transporter 4 (MCT4 a.k.a. Slc16a3) in N1-S1 cells used the rat SMART pool siRNA (Dharmacon, 0.04 lM) and transfection with Lipofectamine RNAiMax reagent (Invitrogen) for 6 h in OptiMEM, and then the cells were rinsed and IMDM plus FBS was added. In parallel, as control samples siRNA for luciferase (GL2, Invitrogen, 0.1 lM) was transfected into N1-S1 cells. Transfections were repeated after 24 h, an approach we have used to maximize the extent of knockdown by siRNA. Cells were replated after an additional 24 h into XF-24 assay plates and used the following day for assay, as described above. Western blotting with a commercial Slc16a3 antibody revealed multiple non-specific bands, so the extent of knockdown could not be estimated.
Rat Syngeneic In Vivo HCC Tumor Model
All procedures were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Approval of the Institutional Animal Care and Use Committee was obtained before the study was initiated. For all surgical and imaging procedures, the animals were anesthetized with isoflurane 2-5% given by mask, to effect. The animals were monitored throughout the procedures and during recovery after each procedure. Analgesia after surgery was administered as needed for pain with buprenorphine (0.01-0.05 mg/kg subcutaneously) every 8-12 h. Euthanasia was performed by asphyxiation with carbon dioxide.
Rat N1-S1 cells were cultured in Iscove's modified Dulbecco's Medium (Catalog No. 30-2005, ATCC) with 5% fetal bovine serum and maintained at 37°C and 5% CO 2 with passage biweekly. To establish liver tumors, 5 9 10 6 viable cells suspended in 0.2 ml medium without added serum were inoculated under the capsule of the medial aspect of the left lobe of the liver of male SpragueDawley rats (6 weeks old, Charles River, average weight, 200-250 g) after a mini-laparotomy. Tumors were allowed to grow for 14 days after implantation and ultrasound (US) evaluation was performed to evaluate tumor size.
For TAE therapy, after anesthesia was established, the upper abdomen was shaved and cleaned with iodine solution. Sterile towels were applied and intravenous access established. A 2-cm midline laparotomy was performed. The gastroduodenal artery was dissected under a stereomicroscope and cannulated retrograde with PE-50 polyethylene tubing. The common hepatic artery was temporarily occluded using a clip. The animals were divided into 4 separate treatment groups: (1) Control-1 mL normal saline injection (NS) (n = 5), (2) TAE done with polyvinyl alcohol (PVA) particles (10 mg 50-150 lm diameter) in 1 mL NS (n = 4), (3) TAE with PVA ? 30 mg FA (ferulic acid) in 1 mL NS (n = 5), and (4) TAE with PVA ? 30 mg CA (caffeic acid) in 1 mL NS (n = 5). Doses of FA and CA were determined based on a review of the literature [11, 12] and our preliminary data. The TAE was done by slow injection over the course of 1 min. The catheter tubing was removed and the gastroduodenal artery (GDA) was ligated. The abdominal wall was closed and the animals allowed to recover from anesthesia. Pre-and posttreatment contrast-enhanced ultrasound (CE-US) (Toshiba Aplio Ò SSA-770A) was performed to verify the efficacy of embolization, evidenced by complete cessation of tumor blood flow, using a previously established technique [13] . Tumor volume was determined by US twice a week for the next 4 weeks, pending survival. After 4 weeks, the animals were euthanized, the tumors were dissected, and histopathologic analysis was performed.
For tumor volume measurements, tumor length (L), width (W), and height (H) were measured by 2D ultrasound. Tumor volume (V) was calculated by the formula: V = 0.5 9 L 9 W 9 H. Relative volume after treatment was calculated as the percentage of pretreatment tumor volume. For pathologic analysis, non-tumorous liver tissue and tumor tissues were sliced at 2-mm intervals for gross examination, fixed in 10% formalin, and then stained with H&E. Tumor viability was estimated by light microscopic examination. The non-tumor liver tissue was evaluated for adverse effects of treatment. Histopathologic evaluation was performed by an independent pathologist who was blinded to which groups were being examined.
Tumor sizes (comparison to T0 = 100) were analyzed and compared between the treatment groups. Repeated measures models were used to analyze in vivo tumor growth over the 4 study weeks. Tumor volumes were transformed to the log scale, both to stabilize the variance and to facilitate the interpretation of growth in terms of fold changes. A power model was used for the withinanimal correlations, allowing for exponentially decreasing correlations as a function of the amount of time between measurements. F-tests based on contrasts were used to make specific comparisons among groups. Proper random multiple imputation [14] , with 50 completed datasets, was used to check the effect of animal deaths prior to 28 days on the conclusions of the analysis. Analyses were carried out in SAS 9.4 PROC MIXED (Cary, NC).
Results
Effects of Caffeic Acid or Ferulic Acid on N1-S1 Cells In Vitro
The rat hepatoma N1-S1 cell line was used in a Seahorse XF analyzer to assay for ECAR as a measure of lactate excretion. In separate independent experiments (Fig. 1) , four samples were assayed in parallel under each condition, as technical replicates. Although the initial and peak ECAR values differed between the biological replicate experiments (Fig. 1A vs. B) , the responses to all treatments were faithfully reproduced. After recording basal ECAR for 20 min in all 20 samples one group remained untreated, to compare to groups with added vehicle (DMSO), caffeic acid (CA), ferulic acid (FA), or UK-5099. UK-5099 is known as an inhibitor of the mitochondrial pyruvate transporter and inhibits pyruvate-dependent O 2 consumption [15] . In addition, UK-5099 is reportedly an inhibitor of MCTs and therefore provided a comparison to CA and FA. The untreated control and vehicle-treated samples showed a stable level of ECAR, in contrast to the samples treated with either CA or FA, where there was a steep time-dependent decline in ECAR to near zero at 30 min after addition representing [90% inhibition. We concluded that CA or FA effectively inhibited lactate export from N1-S1 cells. Addition of UK-5099 resulted in approximately a 20% decrease in ECAR during this same time period. At 50 min, bolus addition of glucose (to 20 mM) to stimulate glycolysis elicited almost a twofold increase in ECAR in the controls; however, ECAR was decreased by relatively 60-70% in cells exposed to either CA or FA, differences that were highly significant compared to vehicle control (Fig. 1C , p \ 0.01 \0.001, and Fig. 1D , p \ 0.0001). Samples treated with UK-5099 plus glucose challenge had slightly reduced ECAR compared to control that bordered on statistical significance, with one experiment (Fig. 1, part  D) showing p \ 0.05. Addition of oligomycin (at 80 min) to block aerobic respiration exposed the maximal glycolytic capacity of the cells. This capacity was reduced to the same extent, by approximately 50%, in response to any of the three agents, caffeic acid, ferulic acid, or UK-5099. Finally, at 110 min addition of excess 2-deoxyglucose, which is not metabolized and interferes with glucose metabolism, suppressed ECAR in all samples, showing that ECAR was dependent on glycolysis. The oxygen consumption rate was measured by Seahorse and addition of either CA or FA resulted in about a 50% reduction. The reduced level was not changed following the addition of glucose and was reduced to baseline by the addition of oligomycin (not shown).
To test whether the action of CA was due to inhibition of lactate export, we used RNAi to knock down the expression of Slc16a3 (MCT4) in rat N1-S1 cells. As shown in Fig. 2 , there was [90% inhibition of ECAR by added CA in control knockdown cells prior to a glucose challenge, and [50% inhibition following the glucose challenge. This response was similar to that seen with untransfected N1-S1 cells (compare Figs. 1A, B and 2) . The inhibition by added CA was essentially eliminated in N1-S1 cells knocked down for MCT4 (Fig. 2, closed squares versus open circles). The Slc16a3 knockdown cells had ECAR values similar to the control cells, suggesting that other transporters in addition to MCT4 contributed to ECAR in these knockdown cells.
TAE Treatments of Orthotopic N1-S1 HCC in Rats
Rat N1-S1 cells were orthotopically implanted in SpragueDawley rats, and prior to the start of treatments there was no statistically significant difference in tumor sizes. Following embolization, there was continuous, aggressive tumor growth observed in the control untreated group. During the course of observation due to tumor burden and anorexia, three animals needed to be euthanized before the end of the schedule (2 on day 14 and 1 on day 24). In the two surviving animals, tumor size increased greater than 3000% from initial implantation. Tumor size was monitored by ultrasound with representative images shown in Fig. 3 . All TAE treatments resulted in a highly significant (p \ 0.0001) reduction in tumor volume relative to the untreated control group. Relative tumor volumes for all treatment groups are plotted in Fig. 4 . Tumors treated with bland TAE (saline, as control) demonstrated about 10% increase in size over the observation period (Fig. 4, closed  triangles) . This represented a significant reduction (p \ 0.001) relative to untreated control tumors. One of the tumors in this TAE treatment group demonstrated continuous growth, whereas the other tumors increased in volume only at early observation times and then decreased in size. By comparison, TAE in combination with either of the CADs induced regression of the tumors, with 70-85% reduction in volume (note the logarithmic scale in Fig. 4) . The TAE ? FA group showed decreased tumor volumes in all animals within the first week and progressive reduction over the observation period (Fig. 4, closed squares) . These tumors measured an average of only 28% of their original size after the 4 weeks (Fig. 4) . The TAE ? CA group demonstrated even more extensive reduction in tumor volumes in all animals, shrinking to only 13% of their original size at the end of the observation period (Fig. 4,  closed diamonds) . The reduction in tumor volumes in both TAE ? FA and TAE ? CA groups was statistically significant when compared to the TAE-only group (p \ 0.05). The results for TAE ? CA and TAE ? FA were not statistically significantly different from one another (p = 0.14), indicating that these compounds exerted similar effects on the tumors. In the three treatment groups (TAE, TAE ? CA, and TAE ? FA), there were no significant adverse events in any animals during the 4-week observation period.
Histopathologic evaluation of the specimens from control (Fig. 5A) showed areas of tumor cells and some necrosis, compared to livers from the group treated with TAE that had significant areas of residual tumor (Fig. 5B) . On the other hand, histopathologic evaluation of the TAE ? CA group showed extensive necrosis and no evidence of residual tumor (Fig. 5C) . Further, analysis of the adjacent liver parenchyma demonstrated minimal inflammatory changes and no evidence of bile duct proliferation or multinucleated giant cell reaction.
Discussion
The present study was designed to evaluate the efficacy of two cinnamic acid derivatives (caffeic acid and ferulic acid) in an N1S1 model of HCC in Sprague-Dawley rats. Clinical research and experience has shown that the response rates to TAE or TACE in HCC vary dramatically [1, 2, 4] . HCC that survives these procedures may use both oxidative phosphorylation and anaerobic glycolysis [16] . Glycolytic metabolism has been suggested as the preferred pathway for cancer cells [17, 18] and is well known as the Warburg effect [19] . Lactate is able to modulate procancerous processes, for example increasing the expression of vascular growth factors for vasculogenesis. However, if intracellular lactate levels become highly elevated, it provides a negative feedback loop on glycolysis and growth arrest because low pH inhibits glycolysis via the rate-limiting enzyme phosphofructokinase [20] [21] [22] [23] [24] . To sustain growth and proliferation, cancer cells need to excrete lactate, for removal by lymphatics and veins [25] [26] [27] . This export involves a family of MCT proteins with MCT4 prominently expressed in liver. Fig. 2 Assay of N1-S1 rat hepatoma cells using Seahorse analyzer, comparing cells with control siRNA and knockdown of Slc16a3. Analysis of extracellular acidification rate (ECAR) was done in parallel on four technical replicates for each condition, as described for Fig. 1 . The entire experiment was replicated independently, again with four samples in parallel for each condition Our concept was to employ CA and FA that are considered relatively safe compounds and known to inhibit lactate export via the MCT4 transporter [9, 10] . The expectation was that these compounds would result in elevated levels of intracellular lactate in hepatoma cells, providing a negative feedback on glycolysis, with inhibition of tumor growth. Indeed, in vitro assays showed that the CA and FA effectively blocked ECAR, as a measure of lactate export from N1-S1 cells during a glucose challenge. Knockdown of MCT4 rendered the ECAR by N1-S1 cells essentially resistant to inhibition by CA, confirming that MCT4 was required for this response. Overall, these results show that N1-S1 cells have a substantial capacity for glycolysis, and their export of lactate, in particular MCT4, is effectively inhibited by CA and FA.
The combination of TAE with CA or FA was associated with a 70-85% reduction of in vivo tumor burden when compared with TAE using embolic agent alone. Such an extensive reduction in tumor volume was unanticipated. The concentration of CA or FA achieved locally during the TAE procedure is likely higher than those tested in vitro. This is based on the concentration of the infused solution, and our estimates of the intravascular volume that was infused. Thus, the extent of MCT inhibition was likely as much in vivo as was seen in the in vitro experiments. The CA and FA reduced the viability of N1-S1 cells in culture (not shown), and it is possible that this involves actions in addition to inhibition of MCT4. As phenolic compounds, CA and FA have a more complex pharmacology that might contribute to their anti-tumor and anti-inflammatory actions. Phenolic compounds, specifically CA, have been found to generate reactive oxygen species to create DNA fragmentation and apoptotic cell death in cancer cells [28] . In addition, CA promotes cancer cell death through alterations in mitochondrial membrane potential and lipid peroxidation [28] . These actions may contribute to the anti-tumorigenic effects when CA was administered in conjunction with TAE. Decreased peritumoral inflammation would be a beneficial effect in the clinic and could Fig. 3 Representative ultrasound (US) images of normal saline control group (NS), embolization-only group (TAE), and embolization with caffeic acid group (TAE ? CA) at days 0, 7, and 28. Note the significant decrease in size of the TAE ? CA group when compared with NS and TAE groups. TAE ? FA groups showed similar decrease in size and changes in echogenicity when compared to TAE ? CA Fig. 4 Graph of logarithm of relative liver tumor volume determined by ultrasound versus time in weeks. Groups TAE ? CA and TAE ? FA had n = 5 and TAE had n = 4 for the duration of the study. Control group started with n = 5 but due to tumor burden 2 animals were euthanized on day 14 and 1 animal on day 24. The average volumes in each group were calculated at each day of observation. Both TAE ? CA and TAE ? FA groups demonstrated a statistically highly significant (p \ 0.0001) decrease in tumor size when compared to initial volumes in the same animals. Key to symbols is also shown in the figure decrease post-procedure pain and levels of hepatic toxicity.
Potential limitations of this study include the nature of the tumor model. While the N1-S1 tumor model is a true rat hepatoma model, it is implanted within an otherwise normal liver and is not subject to the same treatment challenges encountered in clinical practice when working with diseased hepatic parenchyma. Additionally, the embolization was not performed under direct fluoroscopic evaluation and was done via a catheterization of the GDA with temporary clamping of the common hepatic artery. While this method has been described previously and CE-US was used to confirm complete stasis following embolization, the overall procedure does not accurately reflect clinical practice. Further, we evaluated tumors based on volume, and the absolute volume measurements varied widely within a group. With a small number of animals in each group, this may have contributed to what appears as a large standard deviation. However, we evaluated the growth rates by repeated measures, comparing each tumor to itself over time, a statistically valid approach. Lastly, while promising, the results were not tested in the long term and further research would be required to assess longer-term durability of the responses and if there is a survival benefit.
This study has implications for our current understanding of HCC and for future tumor treatments. Catheter-based oncologic therapies have long relied on inhibition of tumor growth via restricted blood supply, using embolic material. Metabolism has been considered as a target for oncologic treatment and here we have demonstrated the utility of this approach in HCC using this model system. The marked changes in tumor size, residual tumor, and peritumoral inflammatory changes we observed highlight the promise of using CA or FA as agents in conjunction with TAE. Further investigation into these pharmacologic agents is warranted to more accurately define the optimal delivery method, dose-response relationship, and long-term outcomes.
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